Addictions, including alcohol use disorders, are characterized by the loss of control over drug seeking and consumption, but the neural circuits and signaling mechanisms responsible for the transition from controlled use to uncontrolled abuse remain incompletely understood. Prior studies have shown that 'compulsive-like' behaviors in rodents, for example, persistent responding for ethanol (EtOH) despite punishment, are increased after chronic exposure to EtOH. The main goal of the current study was to assess the effects of chronic intermittent EtOH (CIE) exposure on multiple, putative measures of compulsive-like EtOH seeking in C57BL/6 J mice. Mice were exposed to two or four weekly cycles of CIE and then, post-withdrawal, tested for progressive ratio responding for EtOH, sustained responding during signaled EtOH unavailability and (footshock) punished suppression of responding for EtOH. Results showed that mice exposed to CIE exhibited attenuated suppression of EtOH seeking during punishment, as compared with air-exposed controls. By contrast, CIE exposure affected neither punished food reward-seeking behavior, nor other putative measures of compulsive-like EtOH seeking. Ex vivo reverse transcription polymerase chain reaction analysis of brain tissue found reduced sensitivity to punished EtOH seeking after CIE exposure was accompanied by a significant increase in gene expression of the GluN1 and GluN2A subunits of the N-methyl-D-aspartate receptor, specifically in the medial orbitofrontal cortex. Moreover, slice electrophysiological analysis revealed increased N-methyl-D-aspartate receptormediated currents in the orbitofrontal cortex after CIE exposure in test-naïve mice. Collectively, the current findings add to the growing body of evidence demonstrating that chronic exposure to EtOH fosters resistance to punished EtOH seeking in association with adaptations in cortical glutamatergic transmission.
INTRODUCTION
A hallmark of drug addictions, including alcohol use disorders, is the loss of control over the seeking and consuming of the substance. Over time, individuals spend increasing amounts of time using and seeking drugs until these behaviors become uncontrolled (DSM-5, 2013) . Characterizing the neural circuits and signaling mechanisms responsible for the transition from controlled use to uncontrolled abuse is a major focus of current preclinical research (Everitt et al. 2008; Vengeliene et al. 2009; Koob & Volkow 2010) .
To this end, the field of addiction has made efforts to develop rodent models of compulsive drug seeking that in various forms measure the persistence of drug seeking, the motivation to obtain a drug and continued drug seeking in the face of adverse consequences (DerocheGamonet, Belin, & Piazza 2004; Vanderschuren & Everitt 2004; Belin-Rauscent et al. 2015; Belin et al. 2015) . For example, prior studies have demonstrated that rats with extended (i.e., >1 month) access to cocaine achieve higher breakpoints on a progressive ratio (PR) schedule of reinforcement, seek cocaine when it is unavailable and continue to respond for the drug when such seeking behavior is punished by footshock (Deroche-Gamonet et al. 2004; Belin et al. 2011) . A number of subsequent studies have used these and other behavioral procedures to investigate changes in neural circuits (Hollander et al. 2010; Jonkman, Pelloux, & Everitt 2012; Xue, Steketee, & Sun 2012; Chen et al. 2013) and synaptic functions (Cannella et al. 2013; Kasanetz et al. 2013 ) associated with compulsive cocaine seeking.
There is growing interest in developing rodent models of compulsive responding for other drugs of abuse (Wade et al. 2014) , including alcohol (ethanol, EtOH) (Vengeliene et al. 2009; Hopf & Lesscher 2014; Leão et al. 2015) . Putative measures of compulsive-like EtOH intake have included sustained operant responding for EtOH during footshock or EtOH unavailability (Radwanska & Kaczmarek 2012; Seif et al. 2013) and continued EtOH consumption following adulteration with bitter-tasting quinine (Wolffgramm & Heyne 1991; Spanagel et al. 1996) . Interestingly, recent studies in rats and C57BL/6 J mice have shown that the aversion to EtOH drinking caused by quinine adulteration is absent after prolonged intermittent, or limited, access to EtOH (Hopf et al. 2010; Lesscher, Van Kerkhof, & Vanderschuren 2010; Loi et al. 2010) or following chronic exposure to EtOH vapors (Vendruscolo et al. 2012 ). These observations suggest that compulsive-like EtOH consumption may emerge in parallel with the development of EtOH dependence. A few studies have provided initial insight into the potential molecular mechanisms underlying these changes. The effects of EtOH vapor on quinine-attenuated drinking are prevented by systemic glucocorticoid receptor blockade via mifepristone (Vendruscolo et al. 2012) . Moreover, the effects of intermittent EtOH drinking on quinine-attenuated drinking are blocked by the partial N-methyl-D-aspartate receptor (NMDAR) agonist, D-serine, administered systemically or directly into the nucleus accumbens (NAc) core (Seif et al. 2015) , while intermittent access-induced resistance to footshock suppression of EtOH responding are reversed by viral knockdown of GluN2C-containing NMDAR in the nucleus accumbens core (Seif et al. 2013) .
The goal of the current study was to extend the existing literature by examining, in C57BL/6 J mice, the effects of chronic EtOH exposure on measures of elevated or compulsive-like reward seeking in C57BL/6 J mice: progressive ratio responding, sustained responding during signaled reward unavailability and punished suppression of responding. We employed a chronic intermittent EtOH (CIE) vapor procedure previously shown to increase voluntary EtOH consumption (Rimondini et al. 2002; Rimondini, Sommer, & Heilig 2003; Becker & Lopez 2004 Griffin et al. 2009b; Holmes et al. 2012; DePoy et al. 2013) , enhance signs of withdrawal (Roberts, Cole, & Koob 1996; Roberts et al. 2000; O'Dell et al. 2004; Kliethermes 2005; Metten et al. 2010) , produce tolerance to EtOH intoxication , insensitivity to EtOH devaluation (Lopez, Becker, & Chandler 2014) and alter various cognitive behaviors (Badanich, Becker, & Woodward 2011; Holmes et al. 2012; DePoy et al. 2013; DePoy et al. 2015) . In order to explore neural correlates of CIE-induced changes in compulsive-like behavior, we assessed NMDAR gene expression in various brain regions and measured NMDAR-mediated synaptic currents in the medial orbitofrontal cortex (mOFC).
MATERIALS AND METHODS

Subjects
Adult male C57BL/6 J mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA) at 7-9 weeks of age and housed in a temperature and humidity-controlled vivarium under a 12 hour light/dark cycle (lights on 0600 hours). Testing began at least 1 week after acclimation to the animal facility. Test-naïve mice were used in each experiment. All procedures were approved by the National Institute on Alcohol Abuse and Alcoholism Animal Care and Use Committee and Institutional Animal Care and Use Committee of the University of North Carolina at Chapel Hill and followed the NIH guidelines outlined in 'Using Animals in Intramural Research'. The number of mice tested is indicated in the figure legends.
Behavioral training
Testing was conducted in a chamber measuring 21.6 × 17.8 × 12.7 cm (model ENV-307 W, Med Associates, St. Albans, VT, USA) housed in a sound-attenuating and light-attenuating box. A receptacle for delivery of food pellets or liquid rewards, a house light, a tone generator and two levers (left = active, right = inactive) were located on one wall of the chamber. To motivate performance, mice were food restricted and maintained at 80-85 percent of their free-feeding body weight.
Mice were trained to press the active lever for reward on a fixed-ratio (FR) 1 (for two daily sessions) and then an FR3 schedule of reinforcement until criterion. Following each reward delivery, a 65 dB tone was played for 2 seconds. Responses on the inactive lever had no programmed consequences. Training sessions were 60 minutes in duration. A 20-minute reward-available period was followed by a 10-minute reward-unavailable period and this sequence was then repeated. Reward-available periods were signaled by continuous illumination of the reward receptacle.
One cohort of mice was trained and tested for responses to a 14 mg food pellet reward (F05684, BioServ, Frenchtown, NJ, USA). A separate cohort was trained and tested for responses to a liquid EtOH reward using a modified sucrose-fading procedure. The reward was 0.01 ml of a 10 percent sucrose solution during the two FR1 sessions and the first two FR3 sessions. EtOH was then introduced. The solution was 10 percent sucrose/10 percent EtOH for three FR3 sessions and then 5 percent sucrose/10 percent EtOH for three FR3 sessions. Thereafter, the solution was 10 percent EtOH for a minimum of five sessions until criterion of reliable responding on the active lever (<20 percent variability in responding on three successive sessions) was attained. Mice earned an average of 14 rewards, equal to a 0.5 g/kg dose of EtOH during the 60 minute session for a 22 g mouse. At the end of training, the response rate on the final three test days was used to match mice into groups (air versus CIE) with similar overall mean response rates.
Chronic intermittent EtOH exposure
Mice were chronically exposed to EtOH after attaining operant training criterion and received weekly 'reminder' operant sessions throughout exposure. For EtOH exposure, we employed a vapor inhalation procedure as previously described (Lopez & Becker 2005; Holmes et al. 2012) . Mice were removed from the home cage and housed in clean 60 × 36 × 60 cm mouse cages (PlasLabs, Lansing, MI, USA). The cages were placed in Plexiglas vapor chambers. Air was passed through an air stone submerged in 95 percent EtOH and mixed with fresh air to deliver 19-22 mg of EtOH/l of air at a rate of~10 l/ minute. Blood EtOH levels were confirmed via weekly blood samples taken from 'sentinel' mice exposed to EtOH simultaneously with the test mice (operant: 150.1 ± 6.99 mg/dl, n = 23; fear: 198 ± 16.24 mg/dl, n = 12). Prior to entering the chambers, the CIE group received 71.6 mg/kg injections (i.p.) of the alcohol dehydrogenase inhibitor pyrazole (Sigma, St. Louis, MO, USA) combined with 1.5 g/kg of 20 percent EtOH (v/v), in a volume of 10 ml/kg. This served to initiate intoxication and stabilize blood EtOH levels. Chamber exposure lasted 16 hours/day (in at 1700 hours, out at 0900 hours), followed by an 8-hour withdrawal. Intermittent exposure continued for four consecutive days (Monday through Thursday) and was followed by 3 days (80 hours) of withdrawal (Friday through Monday). This complete weekly cycle was repeated for a total of either two or four times. Air controls received a 68.1 mg/kg injection (i.p.) of pyrazole before placement in dedicated air chambers receiving vaporized air at the same exchange rate as the EtOH chambers.
Behavioral testing
Beginning 3 days after CIE, mice were assessed for responding for food or EtOH reward (according to reward type received during training) in each of the three separate test conditions (for schematic, see Fig. 1a ).
Responding for unavailable reward
To measure the persistence of reward seeking when reward was unavailable, mice were tested for lever pressing (FR3 schedule) during signaled reward-available and reward-unavailable periods (Fig. 1b) . Testing was conducted over five sessions on consecutive days. Performance was calculated as the average of responding over the five sessions. 
Progressive ratio responding for reward
On the next session (10 days post-CIE), motivation for reward was tested using a PR schedule, in which a progressively higher number of presses (range 1-737) were required to obtain a reward (Fig. 1c) . The session terminated when the mouse failed to earn a reward in a 60-minute period. The breakpoint was taken as the highest number of presses that resulted in an earned reward.
Responding for a punished reward
Following PR testing, responding on a FR3 schedule of reinforcement was re-established for one session (pilot experiments showed one session was sufficient to reestablish response rates evident prior to PR testing). On the next session (12 days post-CIE), punished suppression of lever pressing was assessed during a 40-minute session (Fig. 1d) . Here, the first active lever press in a sequence signaled a pending punishment by illuminating the house light. The second active lever press produced a footshock via a metal grid connected to a shock generator (model ENV-416S, Med Associates, St. Albans, VT, USA). The third active lever press produced a reward. The signal-shock-reward sequence was then repeated. Because baseline response rates varied after CIE exposure, active lever pressing during the punished session was compared with active lever presses during the rewardavailable portion of the five post-CIE sessions described previously (=baseline).
Pilot studies conducted in EtOH-naïve mice showed that a 0.4 mA footshock was sufficient to significantly suppress lever pressing in mice trained and tested for food reward (t 12 = 12.83, P <.001). However, 0.4 mA was ineffective in mice trained and tested for EtOH reward (t 6 = 0.59, P >.05), whereas 0.6 mA significantly suppressed lever pressing (t 6 = 2.65, P <.05) (Table 1) . Therefore, footshock intensity was set at 0.4 and 0.6 mA for food and EtOH reward experiments, respectively.
Pavlovian fear conditioning
Three days after exposure to four weekly cycles of CIE, mice underwent cued Pavlovian fear conditioning as previously described (Fitzgerald et al. 2014) . The conditioning box measured 27 × 27 × 11 cm and the metal-rod floor was cleaned with a 79.5 percent water/19.5 percent ethanol/1 percent vanilla-extract solution between mice. The conditioned stimulus (30-second, 80 dB, 3 kHz tone) was paired with the unconditioned stimulus (2-second, 0.6 mA scrambled foot shock) three times during the last 2 seconds of each tone presentation. Stimulus presentation was controlled by MED Associated VideoFreeze system (MED Associated, Burlington, VT, USA), which also automatically scored freezing behavior. Tweny four hours after conditioning, the mice were tested for retrieval of fear in a distinct context (27 × 27 × 11 cm chamber with a white smooth floor insert that was positioned over the grid floor and a white curved wall insert cleaned with a 1 percent acetic acid/99 percent water solution) housed in a different room from conditioning. Following a 180 s acclimation period, the conditioned stimulus was presented 5 times with an inter-stimulus interval of 5 s.
Reverse transcription polymerase chain reaction of N-methyl-D-aspartate receptor subunit gene expression
The day after the completion of behavioral testing (i.e., punished session), a subset of mice responding for EtOH reward were sacrificed via rapid cervical dislocation and decapitation to remove and freeze brains for NMDAR gene expression analysis. Tissue from the mOFC, ventromedial prefrontal cortex (vmPFC), dorsolateral striatum and basolateral amygdala (BLA) was dissected with a 1 mm-diameter micro-punch and stored in RNAlater solution (Ambion, Grand Island, NY, USA). Total RNA was isolated with RNeasy kit (Qiagen, Valencia, CA, USA). Reverse transcription was performed with 1 microgram of total RNA using the Iscript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) with C1000 thermal cycler (Bio-Rad). Expression of the Grin1 (GluN1 receptor), Grin2A (GluN2A receptor) and Grin2B (GluN2B receptor) genes was quantified with the Qiagen QuantiTect Primer Assays (cat# QT00159061, QT00093562, and QT00169281, respectively) and Power SYBR Green PCR master mix (Applied Biosystems, Grand Island, NY, USA) using a StepOnePlus ™ Real-Time PCR instrument (Applied Biosystems). Gene expression was quantified by normalization with the Qiagen QuantiTect Primer Assay against mouse beta-Actin (cat# QT01136772) and calculated as proportions relative to values in the corresponding air control group. Given the absence of major differences in behavior or mRNA expression in mice exposed to two or four CIE cycles, data from both groups, and their respective air controls, were combined to increase the statistical power to detect effects.
Slice electrophysiology
Test-naive mice were exposed to four weekly cycles of CIE and, 12-13 days later (time point corresponding to post-CIE time point at which brain tissue was extracted for reverse transcription polymerase chain reaction), deeply anesthetized with isoflurane and decapitated for recordings. Recording electrodes (3-5 MΩ) were pulled from thinwalled borosilicate glass capillaries with a FlamingBrown Micropipette Puller (Sutter Instruments, Novato, CA, USA). Recordings were performed in pyramidal neurons of layer 2/3 of the mOFC. In experiments where stimulated release was examined, bipolar tungsten stimulating electrodes were placed dorsal to the recording site. In experiments where the input-output response of NMDAR-mediated currents were examined, recordings were conducted with a cesium gluconate internal solution and picrotoxin and NBQX in the extracellular solution. Stimulation response curves were constructed by taking the peak amplitude at each voltage. Spontaneous excitatory and inhibitory postsynaptic currents (EPSCs and IPSCs, respectively) were measured in voltage clamp mode using electrodes filled with an intracellular recording solution containing (in millimolar): 135 Cs-methane sulfonate, 10 KCl, 10 HEPES, 1 MgCl 2 , 0.2 EGTA, 4 Mg-ATP, 0.3 GTP, 20 phosphocreatine. Lidocaine N-ethyl bromide (1 mg/ml) was included in the intracellular solution to block postsynaptic sodium currents. Neurons were held at À55 mV to isolate glutamatergic synaptic transmission and record spontaneous EPSCs or +10 mV to isolate GABAergic synaptic transmission and record spontaneous IPSCs within individual neurons. Electrophysiological recordings of synaptic transmission were used to determine PSC frequency and amplitude, as well as to calculate synaptic drive ratios for spontaneous and miniature currents using the following equation: (EPSC frequency × amplitude)/(IPSC frequency × amplitude).
Statistical analysis
Data were analyzed using t-tests or repeated-measures analysis of variance. The between-subjects factor was group (AIR versus CIE) and the within-subjects factor was either reward-availability period (available versus unavailable), punishment session (baseline versus punished), or stimulation intensity (2-20 V). Analyses of variance were followed by Sidak's multiple comparison test, using GraphPad Prism 6.04 (GraphPad Software Inc, La Jolla, CA, USA). Data in figures are means ± SEM. The threshold for statistical significance was set at P <.05.
RESULTS
Effects of chronic intermittent EtOH on responding for EtOH reward
Mice did not significantly change their lever press response rates for the EtOH reward on the FR3 schedule from the pre-CIE period to the post-CIE baseline period.
Reward available versus unavailable responding
During available/unavailable testing, the active lever pressing response rate was significantly higher during reward-available than reward-unavailable periods in mice exposed to two cycles (main effect of period, F 1,26 = 16.29, P <.001) and four cycles (main effect of period, F 1,26 = 29.59, P <.01). Follow-up comparisons indicated that this effect held for mice exposed to two CIE cycles (t 26 = 3.62, P <.01), but not the respective air controls (t 26 = 1.987, P >.05) (Fig. 2a) , and in mice exposed to four CIE cycles (t 26 = 3.00, P <.05) and their air controls (t 26 = 4.70, P <.01) (Fig. 2d) . There was minimal responding on the inactive lever across experiments and these data are not shown. Post-CIE, the average dose of EtOH earned during these sessions was 0.49 g/kg for CIE-exposed mice and 0.52 g/kg for air controls.
Progressive ratio responding
Progressive ratio breakpoints did not differ between mice exposed to two CIE cycles and their air controls (t-test: P >.05) (Fig. 2b ). There were also no group differences for mice exposed to 4 CIE-cycles (t-test: P >.05) (Fig. 2e) . The average dose of EtOH earned during this session was 0.38 g/kg and 0.40 g/kg for the CIE and air groups, respectively.
Punished responding
Overall, there was significantly lesser active lever pressing in the two-cycle (main effect of session, F 1,25 = 11.64, P <.01) and four-cycle (main effect of session, F 1,26 = 13.73, P <.01, session x group interaction, F 1,26 = 4.36, P <.05) experiments. However, multi-test corrected follow-up comparisons indicated that mice exposed to two CIE cycles did not significantly suppress responding during punishment relative to baseline (t 25 = 1.61, P >.05), whereas their respective air controls did (t 25 = 3.32, P <.01) (Fig. 2c) . Similarly, mice exposed to four CIE cycles did not significantly suppress responding during punishment relative to baseline (t 26 = 1.14, P >.05), but their air controls did (t 26 = 4.10, P <.001) (Fig. 2f) . The average dose of EtOH earned was 0.33 g/kg for CIE-exposed mice and 0.28 g/kg for air controls.
Effects of chronic intermittent EtOH on responding for food reward
Mice did not significantly change their lever press response rates for food reward on the FR3 schedule from the pre-CIE period to the post-CIE baseline period.
Reward available versus unavailable responding
The rate of active lever pressing was significantly higher during reward-available than reward-unavailable periods in mice exposed to two cycles (main effect of period, F 1,17 = 26.43, P <.01) and four cycles (main effect of period, F 1,13 = 47.61, P <.01). Multi-test corrected followup comparisons indicated that this difference was evident in all groups: mice exposed to two CIE cycles (t 17 = 3.44, P <.01) and their air controls (t 17 = 3.84, P <.01) (Fig. 3a) and mice exposed to four CIE cycles (t 13 = 5.640, P <.01) and their air controls (t 13 = 4.30, P <.001) (Fig. 3d) .
Progressive ratio responding
Breakpoints on the PR schedule did not differ between mice exposed to two CIE cycles and their air controls (t-test: P >.05) (Fig. 3b) , or mice exposed to four CIEcycles (t-test: P >.05) (Fig. 3e) .
Punished responding
Punishment significantly suppressed lever pressing in mice exposed to two cycles (main effect of session, F 1,17 = 35.00, P <.01) and four cycles (main effect of session, Figure 2 Chronic intermittent EtOH (CIE) attenuates punished suppression of EtOH seeking. (a) Mice exposed to two cycles of CIE made more rewarded lever presses during available than unavailable periods. (b) Progressive ratio breakpoints were unaffected by exposure to two CIE cycles. (c) Punishment suppressed rewarded lever pressing in air controls, but not mice exposed to two CIE cycles. (d) Mice exposed to four cycles of CIE or air made more rewarded lever presses during available than unavailable periods. (e) Exposure to four CIE cycles did not affect progressive ratio breakpoints. (f) Punishment suppressed rewarded lever pressing in air controls, but not mice exposed to four CIE cycles. n = 12-15 per group. *P < .05, **P < .01, ***P < .001. [Colour figure can be viewed at wileyonlinelibrary.com] F 1,12 = 50.33, P <.01). Multi-test corrected follow-up comparisons confirmed this effect was apparent in mice exposed to two CIE cycles (t 17 = 5.42, P <.001) and their air controls (t 17 = 3.05, P <.05) (Fig. 3c) , and in mice exposed to four CIE cycles (t 12 = 5.40, P <.01) and their air controls (t 12 = 4.82, P <.01) (Fig. 3f) .
Effects of chronic intermittent EtOH on Pavlovian fear conditioning
There were no differences in freezing between CIEexposed mice and air controls at any point during conditioning or retrieval ( Table 2) .
Effects of chronic intermittent EtOH on N-methyl-Daspartate receptor gene expression
Mice exposed to four CIE cycles had significantly increased mRNA expression of GluN1 (t 29 = 2.19, P <.05) and GluN2A (t 29 = 2.95, P <.01), as compared with air controls, in the mOFC (Fig. 4a) , but not vmPFC, dorsolateral striatum or BLA (Fig. 4b-d) .
Effects of chronic intermittent EtOH on orbitofrontal cortex synaptic transmission
N-methyl-D-aspartate receptor-mediated currents were significantly higher in mice exposed to four CIE cycles, relative Figure 3 Chronic intermittent EtOH (CIE) does not decrease punished suppression of food reward seeking. (a) Mice exposed to two cycles of CIE or air made more rewarded lever presses during available than unavailable periods. (b) Progressive ratio breakpoints were unaffected by two cycles of CIE. (c) Punishment suppressed rewarded lever pressing in air controls and mice exposed to two cycles of CIE. (d) Mice exposed to four cycles of CIE or air made more rewarded lever presses during available than unavailable periods. (e) Exposure to four CIE cycles did not affect progressive ratio breakpoints. (f) Punishment suppressed rewarded lever pressing in air controls and mice exposed to four cycles of CIE. n = 6-10 per group. *P < .05, **P < .01, ***P < .001. [Colour figure can be viewed at wileyonlinelibrary.com] Mice exposed to 4 cycles of CIE showed similar levels of freezing to air controls during cued fear conditioning or cue retrieval testing. n = 11-13 per group. Data are expressed as average percent time freezing ± SEM.
to air controls, in a stimulation current-dependent manner (main effect of group, F 1,150 = 32.78, P <.01; main effect of stimulation, F 9,150 = 12.95, P <.01, group × stimulation interaction, F 9,150 = 1.97, P <.05) (Fig. 4f ). There were no differences between the CIE and air groups in the frequency or amplitude of either spontaneous EPSCs ( Fig. 4g and h ) or spontaneous IPSCs (Fig. 4i,j) or in synaptic drive ratios for spontaneous and miniature currents (all t-tests: P >.05).
DISCUSSION
The major finding of the current study was that mice chronically exposed to EtOH via vapor inhalation showed a loss of suppression of EtOH-seeking behavior in the face of punishment. This effect of CIE was behaviorally selective, in that CIE exposure neither attenuated punished food rewardseeking behavior, nor affected other putative measures of compulsive-like EtOH seeking. We also found that reduced sensitivity to punished EtOH seeking after CIE exposure was associated with a significant increase in NMDAR expression in the mOFC and that CIE exposure produced an increase in NMDAR-mediated currents in the mOFC. The suppression of EtOH seeking/consumption after associating EtOH with a 'punisher', in the form of footshock, air puff or quinine adulteration, has previously been documented in rats (Wolffgramm & Heyne 1991; Spanagel et al. 1996; Vendruscolo et al. 2012; Marchant et al. 2013; Seif et al. 2013 ) and mice (Lesscher et al. 2010; Radwanska & Kaczmarek 2012) . Interestingly, and in agreement with a recent study that tested C57BL/6 mice in 'IntelliCages' using an air puff punishment (Radwanska & Kaczmarek 2012) , we found that a higher footshock level was needed to suppress an EtOH-seeking response than a response for food reward in CIE-naïve mice. The marked suppression of food reward-seeking after CIE discounts possible loss of pain perception as an explanation of the attenuation of punished effects on EtOH seeking. This is substantiated by the finding that exposure to four cycles of CIE did not alter cued Pavlovian fear conditioning to the same footshock intensity used to punish EtOH seeking.
Despite the development of resistance to punishment after CIE exposure, we did not observe changes in baseline (FR3) responding for EtOH. This was noteworthy in light of prior studies that have found such increases (Chu et al. 2007; . One critical factor accounting for these differences may be that, unlike the current study, subjects in studies where increased self-administration was observed received exposure to CIE between test sessions. Indeed, we also did not observe changes in either PR breakpoint or response-persistence-two other purported measures of compulsive-like behavior (Deroche-Gamonet et al. 2004; Radwanska & Kaczmarek 2012) . The selectivity in this pattern of effects contrasts with previous studies showing that rats that developed resistance to quininesuppressed EtOH drinking after CIE also demonstrated a parallel increase in PR breakpoint (Vendruscolo et al. 2012) . Along similar lines, chronic cocaine exposure has been shown to produce greater resistance to shock punishment, increased PR breakpoint and persistent responding for cocaine during periods of drug unavailability, in a subset of rats (n = 13-16) . (e,f) Mice exposed to four cycles of CIE had higher evoked N-methyl-D-aspartate receptor-mediated currents in the mOFC. Neither spontaneous EPSC (g,h) nor spontaneous IPSCs (i,j) were affected by CIE exposure (n = 13-16 neurons from n = 8 mice). *P < .05, **P < .01 compared to air-exposed control. [Colour figure can be viewed at wileyonlinelibrary.com] et al. 2012). There could be species differences in the effects of chronic drug exposure that explain these apparent discrepancies, or they may be due to procedural variations between the studies. For example, the increased PR responding following CIE exposure reported by Vendruscolo et al., 2012 was tested when rats were still under CIE exposure, whereas mice in the current study were assessed post-CIE. Thus, it may be that some EtOH phenotypes such as increased motivation for EtOH, as measured by PR responding, are transiently affected by CIE, while other behaviors, including resistance to punishment, are longer lasting.
It could also be the case that the brain mechanisms responsible for resistance to punishment are dissociable, and potentially more sensitive to CIE exposure, than those mediating other measures of compulsive behavior. In this regard, we have recently shown that mice with genetic deletion of the NMDAR subunit GluN2B in cortical principal neurons demonstrate a similar, selective phenotypic profile to CIE-exposed mice in the current study: that is, resistance to punishment but no alterations in PR responding or responding during a period of reward unavailability (Radke, Nakazawa, & Holmes 2015) . Clearly, the field remains at an early stage in defining the precise mechanisms underlying the development of compulsive-like behaviors.
We found that punished suppression of EtOH seeking occurred after exposure to either two or four weekly cycles of CIE. It is worth pointing out that, although AIR and CIE groups were matched for pre-CIE response rates in each experiment, mice exposed to four CIE cycles had a lower rate of post-CIE responding than the four AIR cycles group. This difference in post-CIE baseline was largely due to high responding in the four AIR cycles group post-CIE in this particular experiment. We do not, however, think that the comparably low baseline in the four-cycle CIE group confounded the ability to observe a punishment-induced suppression, because we observed significant punishmentinduced reductions from similar baselines in other groups-such as the AIR group in the two-cycles experiment (Fig. 2c) . Still, it is possible that this baseline difference contributed to the robustness of the observed effects.
The finding of similar suppression of punished behavior after two or four cycles in the current study is in line with the earlier finding that C57BL/6 J mice exhibited reduced sensitivity to quinine adulteration after only 2 weeks of limited-access EtOH drinking (Lesscher et al. 2010) . Together, these data indicate that EtOH-seeking in C57BL/6 J mice may develop resistance to punishment with relatively limited EtOH experience-consistent with the characterization of this strain as high EtOH preferring (Belknap, Crabbe, & Young 1993 Griffin et al. 2014 ) and tolerance to the discriminative stimulus properties of ethanol (Becker & Baros 2006) . Interestingly, however, not all behaviors in C57BL/6 J mice are sensitive to this relatively limited EtOH exposure regimen. For example, extinction of a Pavlovian fear memory in C57BL/6 J mice is impaired by four, but not two, CIE weekly cycles (Holmes et al. 2012) , while eight cycles are required to produce lasting tolerance to EtOH intoxication . Taken together, these findings indicate that the specific constellation of EtOH-related alterations caused by CIE exposure is critically dependent on the chronicity of EtOH exposure.
The brain circuits and molecular mechanisms regulating EtOH-induced increases in compulsive-like behaviors are only beginning to be to uncovered. For instance, Vendruscolo et al., 2012) recently demonstrated that inhibition of the glucocorticoid receptor by mifepristone injection effectively prevented CIE-induced insensitivity to quinine adulteration of EtOH. Lateral hypothalamic projections to the ventral tegmental area have also been implicated in the control of compulsive sucrose consumption (Nieh et al. 2015 ). An elegant series of studies by Seif and colleagues using an intermittent EtOH drinking model has also shown that resistance to footshock suppression of EtOH seeking is reversed by nucleus accumbens core knockdown of GluN2C-containing NMDARs (Seif et al. 2013) or intra-accumbens injection of D-serine (Seif et al. 2015) . Providing further evidence of a role for the NMDAR in compulsive-like behaviors in the current study, we found significant increases in the expression of the NMDAR subunits, GluN1 and GluN2A, but not GluN2B, in the punishment-resistant CIEexposed mice. These effects were enduring, reflecting long-term neuroadaptations, given measurements were taken approximately 2 weeks after the end of CIE exposure. This is particularly notable given prior findings that elevated NMDAR synaptic currents persist for at least 1 week after CIE or other means of chronic EtOH exposure, while receptor expression changes, whether increases or decreases, are seen in some but not other studies (Follesa & Ticku 1995; Kalluri, Mehta, & Ticku 1998; Nelson, Ur, & Gruol 2005; Pian et al. 2010; Holmes et al. 2012; Kroener et al. 2012; Kim et al. 2014; Staples, Kim, & Mandyam 2015) . While the current study only assessed one post-CIE time point, future studies correlating resistance to punishment with changes in NMDAR expression/function at multiple post-CIE time points would be of value.
Interestingly, the NMDAR gene expression changes currently observed after CIE were highly localized to the mOFC-with no alterations evident in the vmPFC, BLA or dorsal striatum. These changes in gene expression may also manifest as an increase in NMDAR function, as we observed that four cycles of CIE alone (i.e., in behaviorally-naïve mice) increased synaptic currents in the mOFC at the same time point at which NMDAR gene expression was increased. A similar observation of increased glutamatergic neuronal excitability and plasticity was recently reported in the lateral OFC of mice exposed to four cycles of CIE (Nimitvilai et al. 2015) . Upregulation of synaptic NMDAR expression and function are likely an adaptive response to long-term exposure to the inhibitory effects of EtOH. The association of altered physiology in the mOFC with compulsive EtOH seeking is consistent with literature implicating cortical regions, including the OFC, in the control of behavioral flexibility and compulsive drug seeking (Everitt et al. 2008; Schoenbaum & Shaham 2008; Brigman et al. 2013; Chen et al. 2013; Graybeal et al. 2011) . More generally, an augmentation of NMDAR transmission in response to CIE concurs with previous studies in rats and mice that have reported similar increases in the hippocampus (Nelson et al. 2005) , vmPFC (Kroener et al. 2012) , BLA (Läck et al. 2007 ) and cortical cultures (Hu & Ticku 1997) , 1 to 3 weeks following chronic EtOH. However, other studies have found a decrease in NMDAR synaptic transmission in regions including the vmPFC (Holmes et al. 2012) , central amygdala (Roberto et al. 2004 ) and nucleus accumbens (Jeanes, Buske, & Morrisett 2011) , during the withdrawal period or in the days soon after. These findings speak to the dynamic nature of NMDAR adaptations in the face of chronic EtOH, with potential implications for EtOH's effects on behavioral functions mediated by the receptor. Fully delineating these interrelationships awaits further study.
In summary, the current study shows that C57BL/6 J mice exposed to chronic intermittent EtOH, via EtOH vapors, showed attenuated suppression of EtOH seeking during punishment, a putative measure of compulsive-like behaviors in rodents. Chronic EtOH did not affect punished food rewardseeking behavior or other measures of compulsive-like EtOH seeking-progressive ratio and persistent responding for EtOH. Increased responding for EtOH under punishment was associated with an upregulation in NMDAR gene expression, while a similar regimen of CIE exposure in test-naïve mice increased NMDAR-mediated synaptic transmission in the mOFC, suggesting a potential molecular mechanism underlying this compulsive-like behavior. Taken together, these findings provide further evidence that chronic EtOH promotes resistance to punished EtOH-seeking in association with glutamatergic adaptations in specific cortical areas.
